Loss of renal concentrating ability is a wellknown consequence of hypercalcemia (1) . On the basis of experimental observations in animals (2-5) and man (6) (7) (8) , it has been suggested that one or more specific functional abnormalities of the renal tubules underlie the concentrating defect. The abnormality proposed most often is that the collecting ducts become relatively impermeable to water (3) (4) (5) (6) (7) (8) . It has also been suggested that sodium transport is impaired at some site in the tubule which contributes to creating and maintaining high concentrations of sodium in the interstitial fluids of the medulla and papilla (4) . Aside from these specific transport abnormalities, the possibility exists that obstruction of tubules by intraluminal casts (9) and the consequent decrease in number of functioning nephrons may play an important role in the hyposthenuria.
In the present study, hypercalcemic nephropathy was studied in vitamin D-intoxicated rats and hamsters by utilizing clearance and micropuncture methods simultaneously. The data failed to reveal any evidence of either impaired sodium transport by the tubules or impermeability of the collecting ducts to water. The total amount of sodium delivered to the medulla per unit time was markedly diminished since glomerular filtration rate (GFR) was reduced and reabsorption of the glomerular filtrate by the proximal tubules was unimpaired. It is postulated that this reduction in the supply of sodium to the medulla, probably due to loss of a substantial number of functioning nephrons, is a significant contributing factor to the concentrating defect.
Methods
White male rats weighing between 200 and 300 g were rendered hypercalcemic by daily subcutaneous injection of $00,000 U of vitamin D2 (calciferol) in oil for a period of 5 days. During this time, they were fed a regular pellet diet and drank tap water ad libitum. After the fifth injection, food and water were withheld for the next 24 to 30 hours. At the end of this period, the rat was stimulated to void and was placed in a metabolic cage for collection of an overnight urine specimen. The osmolality of this specimen was taken as Umax. Control rats were deprived of food and water for an equal length of time, and Umax was determined in the same way.
Acute experiments were performed on the day after the overnight urine collection. The animals were anesthetized by intraperitoneal injection of inactin (sodium ethyl-(1-methylpropyl)-thiobarbiturate), 7 mg per 100 g body weight, and the trachea was cannulated and a jugular vein catheterized. The urinary bladder was exposed through a lower abdominal mid-line incision and a polyethylene catheter inserted and tied. A blood specimen was obtained from the abdominal aorta for calcium determination.
Graded mannitol-saline diuresis. In 27 experiments, an intravenous infusion of 5% mannitol, 150 mmoles per L sodium chloride, and 7.5 mU per ml vasopressin was administered at progressively increasing rates of 0.04 ml per minute, 0.10 ml per minute, and 0.19 ml per minute. At each infusion rate, several urine samples were collected under oil in graduated cylinders. At the end of each urine collection period, the bladder was emptied by direct compression. Blood specimens were collected in heparinized capillary tubes from the cut end of the tail. All plasma and urine samples were analyzed for osmolality.
In most of these experiments, tubular fluid was also collected from surface nephrons by micropuncture techniques previously described (10) . A left flank incision was made, and the left kidney dissected free of perirenal fat and immobilized in a Lucite dish. Tubular fluid collections were started only after the infusion had been set at the highest rate. In nine normal and eight hypercalcemic rats, tubular fluid was analyzed for osmolality. 681
In four normal and five hypercalcemic rats, C"-labeled inulin carboxylic acid' was added to the infusion (15 /Ac prime, 3.5 ,uc per ml sustaining), and tubular fluid, plasma, and urine radioactivity were determined in a Tri-Carb liquid scintillation counter (11) . Urine sodium was measured in the inulin-infused animals by flame photometry, using lithium as an internal standard. After each collection of tubular fluid, a colored latex suspension was injected into the nephron, and at the end of the experiment the kidney was macerated in 50% HCL and the puncture site identified by microdissection.
Graded urea-saline diuresis. In six hypercalcemic rats, a solution consisting of 5% urea, 150 mmoles per L sodium chloride, and 7.5 mU per ml of vasopressin was administered intravenously. The rates of infusion and methods of collecting blood and urine samples were the same as described in the preceding section. Plasma and urine samples were analyzed for osmolality. In three of the six animals, C"-inulin was added to the infusion, and plasma and urine radioactivity were measured as above.
Hamster experiments. In 50-to 75-g golden hamsters, hypercalcemia was induced by subcutaneous injection of 100,000 U of calciferol daily for 4 (2) . At all rates of osmolar clearance, however, TCH20 was lower in the experimental animals. In contrast to hypercalcemic dogs (3) and man (6) (7) (8) , urine osmolality was always higher than plasma osmolality, and free water clearance (CH20) was not observed. There was no evidence of a maximal rate -of solute-free water reabsorption (TcmH20) in either the hypercalcemic or normal rats.
Upon exposure of the kidney for tubular fluid collections, numerous yellowish-white intraluminal deposits were seen scattered over the surface of the kidney in the hypercalcemic animals. Under the microscope, they were seen to lie within surface tubules and also could be seen just below the surface. The number of these deposits varied from one rat to another, but seemed to correlate roughly with the severity of the hypercalcemia. Most of the deposits completely obstructed a segment of the tubule causing collapse of the lumen distally, whereas others only narrowed the lumen Cosm / 100 ml 15 18 21 GFR (ml / min / kg) in the hypercalcemic rats and 180 mOsm per kg H20 in the normal rats. In both groups, the fluid returned to isotonicity in the second half of the distal convoluted tubule. Three samples were collected from the first half of partially obstructed distal tubules in the hypercalcemic rats. The flow rates were noted to be slow, and the TF/Posm ratios were 0.82, 0.85, and 0.90, respectively, higher than found in nonobstructed distal tubules. It seems possible that the slow flow, by allowing more time for osmotic equilibration in this water-permeable segment of the nephron, could account for this finding (14) .
In Tables II and III Figure 3 . The derived data in this Figure suggest that the functioning tubules of the hypercalcemic rats were able to reabsorb sodium at least as well as those of the normal controls. In Figure 4 , solute-free water reabsorption has been factored by GFR for similar reasons, i.e., to estimate the capacity of the intact nephrons to reabsorb water at comparable osmotic loads (Cosm/100 ml GFR). in hypercalcemic dogs, see reference 3). This plot suggests that the remaining nephrons of the hypercalcemic rats were capable of reabsorbing as much solute-free water as those of the normal rats.
In Figure 5 , the values for fractional water reabsorption by the tubules, calculated from TF/ PIn ratios, are shown for the two groups of animals. It is evident that approximately the same per cent of the glomerular filtrate was reabsorbed by the accessible portions of the tubules. No evidence was found for diminished filtrate reabsorption in any of the proximal tubules of the hypercalcemic rats.
Graded urea-saline diuresis (Table IV, Figure  6 ). During urea-saline infusion, TCH20 was considerably higher in hypercalcemic rats than in similarly prepared animals given mannitol. The results of the six experiments are shown in Figure  6 , with the data from the mannitol experiments included for comparison. The values for Uma. before the urea-saline infusion were as low in these six rats as in the other hypercalcemic rats. The data for the three experiments in which GFR was also measured are shown in detail in Table IV. As can be seen, GFR was significantly higher than in the mannitol experiments.
Collecting duct, vasa recta, and loop of Henle fluid osmolality in hamsters -(Table V, Figure 7) . No present experiments were carried out utilizing micropuncture techniques in order to obtain additional information about hypercalcemic nephropathy and to evaluate directly the functional capabilities of various segments of the nephron thought to be important in the concentrating mechanism. The initial event in the concentrating process is thought to be transport of sodium (and anions) in excess of water out of the thick ascending limb of Henle's loop (14) . Hypotonicity of early distal tubular fluid presumably depends entirely on the integrity of loop sodium transport. Therefore, the finding of normal hypotonicity of early distal tubular fluid in hypercalcemic rats suggests that there is no generalized impairment in sodium reabsorption involving all thick ascending limbs of Henle's loop. Although the osmolality values cannot be equated with sodium concentrations, particularly because of the presence of other important solutes such as urea and mannitol in the tubular fluid, it seems reasonable that if sodium transport were substantially impaired, the early distal fluid would have had higher osmolalities than normal. The data do not exclude the possibility, however, that a defect may have been present in the ascending limbs of deep nephrons that originate in the juxtamedullary zone and are inaccessible to micropuncture. If there was such a defect, it was not apparent from urinary sodium excretion. Thus, at equal rates of osmolar clearance, sodium excretion was about the same in the two groups of animals. Because of the probability that the number of functioning nephrons was considerably reduced in the hypercalcemic rats (zide infra), sodium excretion was factored by GFR in Figure 3 in order to evaluate the capacity of residual intact nephrons to reabsorb sodium at comparable osmotic loads per nephron (Cosm/100 ml GFR). The evidence that GFR in a diseased kidney provides an index of the population of residual functioning nephrons has been presented by Bricker, Kime, Morrin, and Orlowski (15) . This analysis suggests that overall sodium reabsorption was not impaired in intact nephrons of the hypercalcemic rats. Gill and Bartter found that hypercalcemic patients can conserve sodium normally on a salt-free diet and also concluded that over-all sodium reabsorption is unimpaired in this condition (6) . (18) , sodium (19) , and urea (20) transfer. If sodium and urea reabsorption were impaired as well as water in the collecting ducts, a transtubular osmotic gradient might not develop. However, the failure to observe any reabsorptive defect for sodium argues against this possibility.
On the basis of the foregoing, it is evident that no specific abnormalities in sodium or water transfer were observed in two critical segments of the nephron important in the concentrating mechanism, i.e., the thick ascending limb of Henle's loop and the collecting ducts. The data do indicate, however, that the total amount of sodium delivered to the medulla per unit time was considerably less than normal. This was primarily due to the marked fall in GFR in the hypercalcemic rats. The underlying mechanism for this decrease in GFR is not entirely clear. One possibility is that filtration rate was reduced uniformly in all nephrons, due perhaps to a direct effect of calcium on the glomerulus or to a contraction of extracellular fluid volume. A second possibility is that a large number of nephrons became nonfunctioning and that filtration was carried out by the remaining relatively intact population. Several lines of evidence favor this latter view. First, intravenous calcium infusions tend to increase GFR in man (16) Whatever the explanation, the result of the fall in filtration rate is that the over-all filtered load of sodium was substantially reduced. Conceivably, the total delivery of sodium to the medulla might be maintained in the face of such diminished filtered loads if reabsorption by the proximal tubules were significantly impaired. However, no evidence for this was found, as shown by the data for proximal fluid reabsorption in Figure 5 . It seems highly probable, therefore, that the amount of sodium available for transport into the medullary interstitium was much less than in the normal rats, and this could have been an important factor in limiting TCH20. This view gains some support from the experiments in which urea was infused rather than mannitol (Table IV, Figure  6 ). The combination of urea and saline apparently produced an acute rise in GFR, similar to that seen in normal rats (22) and dogs (23, 24) . Presumably, only relatively intact nephrons were able to respond to this infusion in a normal fashion. Because of the higher GFR, the total amount of sodium delivered to the medulla was also higher. This could account for the improved ability to generate TCH9O in this group of animals, but it is also possible that urea helped to augment TCHo2 by diffusing into the medullary interstitium from the collecting ducts and raising interstitial osmolality (24) (25) (26) .
Several considerations suggest that some additional factor, other than a reduction in over-all delivery of sodium to the medulla, may have contributed to the hyposthenuria. Thus, if the capacity to reabsorb sodium and water was undisturbed in individual functioning nephrons, as the present data suggest, one might expect that under hydropenic conditions a high maximal urine concentration (Uma.) could be achieved even though the total number of nephrons were reduced. One explanation for this failure is that medullary blood flow remained relatively high in proportion to the diminished rate of sodium delivery. A second possibility is that with complete obstruction of a substantial number of nephrons, the remaining nephrons were undergoing a relative solute diuresis that prevented maximal concentration of the urine. This explanation could also account for the inability of hypercalcemic rats to conserve sodium on a salt-free diet (4) and the continued excretion of normal amounts of sodium during mannitol diuresis despite the reduction in filtered sodium. The change in fractional reabsorption of sodium per intact nephron necessary to maintain normal or even excessive rates of excretion would be of the order of only a few per cent, even though the total filtered sodium load were decreased markedly. In this respect, the situation in hypercalcemia might be analogous to that in patients with chronic renal insufficiency in whom sodium excretion is normal or even excessive in spite of marked reduction in GFR and filtered sodium load. This has been attributed by Bricker, Morrin, and Kime to an increased osmotic load per intact nephron (27) .
In contrast to the present observations in rats and hamsters, hypercalcemic man and dog may excrete a urine hypotonic to plasma during a moderate mannitol diuresis, despite the presence of adequate amounts of vasopressin (3, (6) (7) (8) . The reason for this species difference is not certain, but two explanations seem plausible. If it is assumed that tubular fluid in man and dog is isosmotic with plasma at the beginning of the collecting duct, as it is in normal and hypercalcemic rats, hypotonic urine would have to be generated in the collecting ducts by abstraction of a hypertonic reabsorbate. Although this mechanism could account for the findings in these species, it would represent a reversal of what is thought to be the normal function of the collecting ducts, i.e., to reabsorb water in excess of solute. A second explanation is that hypotonic urine excreted by hypercalcemic man and dog comes from the distal convoluted tubule. It has been suggested by Goldsmith and co-workers (28) , by Stein and co-workers (29) , and by Thurau and Deetjen (30) that in the dog (and perhaps in man at high levels of osmotic diuresis), distal tubular fluid normally does not regain isotonicity before entering the collecting ducts. This would be obscured, however, by reabsorption of water from the collecting ducts. Any abnormality that leads to a fall in medullary hypertonicity, such as a reduction in the supply of sodium to the medulla, could result in excretion of a dilute urine during osmotic diuresis, since the ability to abstract water from a large volume of hypotonic fluid would be greatly diminished. This explanation might also account for the poor correlation between TcHio and GFR in hypercalcemic man (6) and dog (3) , since the addition of a variable amount of hypotonic distal tubular fluid to the collecting ducts would markedly affect the calculated TCHio. Although this latter view seems the more likely, presently available evidence does not permit a definite choice between these two alternatives. Summary 1) The renal concentrating defect associated with hypercalcemia was studied in vitamin Dintoxicated rats and hamsters by clearance and micropuncture methods simultaneously. During brisk mannitol diuresis, the osmolality of early distal tubular fluid was as hypotonic to plasma in the hypercalcemic rats as in the normal controls. No evidence was found of excessive loss of sodium in the urine, whether sodium excretion was compared at the same absolute rates of osmolar clearance or osmolar clearance per intact nephron (Cosm/100 ml GFR). These observations thus failed to demonstrate any localized or generalized impairment of sodium transport by the tubules.
2) The osmolality of collecting duct fluid from the papilla of hypercalcemic hamsters with a severe concentrating defect was approximately the same as that of fluid from adjacent loops of Henle and vasa recta. This finding indicates that the concentrating defect in hypercalcemia need not be accompanied by a selective impermeability of the collecting ducts to water.
3) The total amount of sodium delivered to the medulla per unit time was much less in hypercalcemic rats than in controls because of a marked reduction in GFR and unimpaired reabsorption of the glomerular filtrate by the proximal tubules. We assume this to be an important factor in the concentrating defect. The observations are compatible with the view that the total number of functioning nephrons is reduced due to blockage of tubules by casts, whereas the ability to transfer sodium and water remains essentially intact in the remaining nephrons.
4) It is postulated that a higher osmotic load per intact nephron could account for the fall in U.n51 under hydropenic conditions and the excretion of normal amounts of sodium during mannitol diuresis in spite of the large reduction in filtered sodium.
